Frozen ground plays an important role in the energy and water cycle of cold regions, and affects the environment and agricultural practices in these regions. The effect of climate warming on soil frost is an important concern, but our present understanding of such effect is limited, due to the lack of long-term data covering a large region. This study analyzes a unique regional database of 20-year records from 1986-2005 of soil frost, combined with long-term climate data from 1955-2005. Annual maximum frost depths ðD max Þ in the Township of Memuro (514 km 2 ) in Tokachi, Hokkaido have decreased significantly in the last 20 years. The decrease in D max was caused by the development of thick snow cover in early winter that insulates the ground, not by the increase in air temperature. The D max is strongly correlated with a soil freezing index ðF 20 Þ, that integrates the combined effects of air temperature and snow cover. Using F 20 as a surrogate of D max , it was shown that the decreasing frost depth was a regional phenomenon occurring over the Tokachi Plain, covering an area of several thousand square kilometers. The timing of a major decrease in F 20 in the mid to late 1980's coincided with sharp decreases of snowfall in the Hokuriku region of Japan and the amount of drift ice in the southern part of the Sea of Okhotsk, both of which are regarded as indicators of the strength of the East Asian winter monsoon activities.
Introduction
Permafrost, and seasonally frozen grounds cover approximately 24% and 60%, respectively, of the land surface in the Northern Hemisphere (Frozen Ground Center, 2005) , and play an important role in the energy and water cycles of cold regions (e.g., Lunardini 1981; Kinosita 1982; Williams and Smith 1989) . The Intergovenmental Panel on Climate Change Third Assessment Report (IPCC-TAR) concluded that average air temperatures in cold regions have increased at higher rates than the global mean during the second half of the 20th Century (Houghton et al. 2001 ). There is a general consensus among researchers that climate warming will result in a decreased area of permafrost regions, and the reduction of frost depth and a shorter frozen period in seasonally frozen regions (e.g., Cutforth et al. 1999; Serreze et al. 2000; Houghton et al. 2001; Cutforth et al. 2004; Frauenfeld et al. 2004 ). These will have major implications on the environment, and agricultural practices in cold regions (e.g., McCarthy et al. 2001) .
Among many factors affecting soil frost, air temperature in winter months is generally considered to be the most important (e.g., Lunardini 1981; Kinosita 1982; Williams and Smith 1989) . However, the amount and timing of snowfall can also have significant effects, because the thickness of snow cover greatly influences the energy exchange at the ground surface (Fukuda 1982; Tsuchiya 1985; Sharratt et al. 1999) . Previous studies on soil freezing processes have mostly been conducted at a relatively small number of local sites over a short period of time (e.g., Osterkamp and Romanovsky 1997; Stä hli et al. 1999; Hirota et al. 2002; Iwata and Hirora 2005; Hirota et al. 2005) . Therefore, we have limited understanding of long-term interactions between climate and soil frost over a regional scale.
The scarcity of long-term regional studies is partly due to the lack of reliable field data. In the Tokachi region of eastern Hokkaido (Fig.  1b) , one of the largest agricultural regions in Japan, several agricultural organizations have collected bi-weekly data of frost depths for up to 20 years at 10 stations covering the Township of Memuro (Fig. 1c) . Potato producers in Memuro have recently noticed a significant reduction in frost depth. They rely on the soil frost to kill the potatoes left in the soil after harvest, which would become weeds when other crops are grown in the following year. Therefore, effects on climatic variability on soil frost have major implications on agricultural practices. However, there is little scientific knowledge about the effects of climate change on frost depth in this region. Combined with long-term meteorological data collected by the Japan Meteorological Agency (JMA), these data present a very unique opportunity to examine the long-term regional trends in air temperature, snowpack, and frost depths; and correlation among these parameters. The objective of this study is to document the reduction in frost depths during the last 20 years and evaluate the effects of air temperature and snow cover on frost depths.
In order to understand observed trends of frost depths in context of synoptic-and continental-scale climate change, we will examine two other indicators of climate; the amount of snowfall in the Hokuriku region along the Sea of Japan (Fig. 1a) , and the amount of drifting ice sighted from observation towers along the southern part of the Sea of Okhotsk (Fig.  1a ). Significant reductions were reported for the two indicators in recent years (Tachibana et al. 1996; JMA 2002; Ishizaka 2004; Suzuki 2006) . The observed shift in the two climatic indicators suggests changes in the activities of the East Asian winter monsoon (Nakamura et al. 2002) . The relationship between frost depths in Tokachi, and the other two climatic indicators will be discussed to illustrate the simultaneous responses directly or indirectly affected by the East Asian winter monsoon.
Study sites
The field data were collected in the Tokachi region of Hokkaido, Japan (Fig. 1) . Located between the Eurasian Continent and the Pacific Ocean, the winter climate of Japan is strongly influenced by the East Asian monsoon characterized by cold air masses from Siberia blowing over the Sea of Japan (Fig. 1a) . The Pacific Ocean near Hokkaido is characterized by frequent development of explosive cyclones (Sanders and Gyakum 1980; Hayashi et al. 2005) . Cyclonic activity is generally stronger when winter monsoon activity is weaker, such as in late autumn and early spring (Nakamura 1992) .
Winter in Tokachi is characterized by low air temperature and relatively low precipitation due to orographic shadow effects of the Hidaka and Ishikari Mountain Ranges (Fig. 1b) . In Obihiro, located near the center of the Tokachi region, mean monthly air temperature in January is À7.7 C, mean December-March precipitation is 153 mm and mean snow depth on December 31, January 31, February 28 and March 31 are 17, 36, 32 and 7 cm, respectively, during the period 1971 -2000 (JMA 2005 . The ground freezes in winter and frost depths may reach up to 60 cm. This is in a sharp contrast to the winter climate of the west coast of northern Japan, where moist air masses blowing across the Sea of Japan deposit a large amount of snow, insulating the ground from freezing.
This study analyzes long-term data of soil frost and snow depths collected by the Japanese Agricultural Cooperatives (JA) within the Township of Memuro (Fig. 1c) (Fig. 1c) , but only archived the average of the nine stations from 1987-1997. Individual station data have been archived since 1998.
Data and analysis
At ten stations within the Township of Memuro ( Fig. 1c) , frost depth was measured on flat farmlands using frost tubes filled with 0.03% methylene blue solution (e.g., Tsuchiya 1985; Iwata and Hirota 2005) , and snow depth was measured manually using rulers. The frequency of measurements was generally twice a month. Daily meteorological data, including average air temperature and snow depth were measured at the NARCH research station. These data are used to examine the local-scale relationship between frost depth and meteorological variables within Memuro. In this paper, the winter of 1986 refers to a period starting in November 1985 and ending in March 1986.
To extrapolate our findings to a larger area beyond Memuro, we used archived data of daily average air temperature and snow depth (JMA 2005) at 11 locations covering the 10,830 km 2 region of Tokachi (Fig. 1b) . Archived data also allowed us to increase the temporal scale of analysis going back to 1955 to examine longterm effects of climate change. The JMA operates staffed weather stations in Obihiro and Hiroo, and Automated Meteorological Data Acquisition System (AMeDAS) stations in other locations. Since the AMeDAS stations did not exist before 1976, the pre-1976 data collected at JMA's auxiliary climatological stations located near each of the current AMeDAS stations were used as much as possible. At these auxiliary stations, air temperature, humidity, snow depth, and weather conditions were measured daily at 9:00AM; and maximum and minimum air temperature, and daily precipitation of the previous day were also recorded. These data were recorded manually by volunteers entrusted by the JMA, and were compiled and archived by the JMA.
Inter-annual variability of winter temperature and its effects on soil frost were examined using a freezing index, F ( C day). It is a cumulative temperature index given by the summation of daily average air temperatures for days with an average temperature below 0 C. Numerous studies have shown that F and annual maximum soil frost depth ðD max Þ are strongly correlated when snow cover is negligible (e.g., Lunadini 1981; Yamazaki et al. 1998) . The relationship is commonly expressed as,
where a is an empirical coefficient that integrates the effects of land surface conditions and soil thermal properties. Previously reported values of a range from 2 to 6 cm C À1/2 day À1/2 (e.g., Lunadini 1981). Equation (1) is not applicable when the effect of snow cover is significant. Fukuda (1982) and Tsuchiya (1985) reported that frost depth was strongly correlated with F until the snow depth reached 20 cm, and proposed the following equation
where b is an empirical coefficient similar to a. The calculation of the modified soil freezing index F 20 is similar to that of F, but the summation of daily temperature stops on the day when snow depth reaches 20 cm and remains greater than 20 cm. Fukuda (1982) and Tsuchiya (1985) reported values of b ranging from 1 to 4 cm C À1/2 day À1/2 . They chose 20 cm as the critical depth based on empirical observation in Tokachi, indicating that a 20-cm or greater snow depth provides sufficient thermal insulation to prevent the further development of soil frost. Equation (2) suggests that years with earlier winter snow have smaller annual maximum frost depths due to a smaller time window available for freezing.
Results

Plot-scale observation of annual
maximum frost depth at the NARCH research station Annual maximum frost depth ðD max Þ at the NARCH research station (Fig. 1c) drastically decreased during the last 20 years (Fig. 2a) . The D max in 1988 was 57 cm, but it was only 4 cm in 2004 and 5 cm in 2005. The soil frost in 2004 and 2005 can be regarded as essentially nonexistent from an agricultural point of view because such a shallow frost has a minimal effect on crops, and the soil becomes unfrozen by the time of snowmelt. Ten-year average D max was 34 cm for the first half of the 20-year period and 17 cm for the second half. MannKendall rank statistic (Kendall 1938; Matsuyama and Tanimoto 2005) showed that the decreasing trend of D max was statistically significant at a confidence level of P < 0:05.
We originally assumed that the reduction in D max was related to climate warming, however, December-February mean air temperature at the Memuro AMeDAS station did not have a statistically significant trend (Fig. 3a) . As a result, the freezing index F did not show an obvious correlation with D max (Fig. 2a) . Another important factor controlling soil frost is snow depth. Figure 3b shows the number of days ðN 20 Þ between November 1 and the first day of continuous snow depth greater than 20 cm. The N 20 decreased significantly in the last 20 years ( Fig. 3b , P < 0:05) indicating that the decrease in D max was caused by shortened time periods available for freezing, rather than by changes in air temperature.
As expected, the modified soil freezing index F 20 appears to have a similar temporal pattern to that of D max (Fig. 2a) . Mann-Kendall rank statistic showed that the decreasing trend in F 20 (Fig. 2a ) was significant ðP < 0:05Þ. Figure  4 shows a strong correlation (r 2 ¼ 0:72 and P < 0:001) between D max and F 20 , which is consistent with Eq. (2). The slope of the best fit line given by the least-squares method is 1.8 cm C À1/2 day À1/2 , which is within the range reported by Fukuda (1982) and Tsuchiya (1985) . These results indicate that F 20 can be used as a surrogate for D max when D max data are unavailable.
Township-scale (500 km
2 ) analysis of spatial variability of frost depths in Memuro The average value of D max for the nine JA observation sites (Fig. 2b) had a very similar temporal pattern to that of the D max at the NARCH research station (Fig. 2a) . The decreasing trend of D max was statistically significant ðP < 0:05Þ as indicated by the Mann-Kendall rank statistic. Therefore, 'point' observations made at the NARCH research station likely represent a much larger area of Memuro (Fig. 1c) .
The data from individual JA sites are available for 1998-2005, providing information on the spatial variability of frost depths and snow depths. For example, in 2003, D max ranged from 8 to 38 cm, and annual maximum snow depths ranged from 53 to 105 cm (Fig. 1c) . The mean and standard deviation of the nine sites (Table  1) indicate that snow depths had relatively small coefficients of variability (0.10-0.22). Frost depths had much larger coefficients of spatial variability (0.15-2.5), which also varied widely from year to year. Frost depths have higher variability than snow depths, probably because the former is sensitive to the timing and amount of a few snowfall events in early winter, while the latter is a cumulative param- August 2006 T. HIROTA et al.
eter integrating many individual events. In addition, local soil conditions, micro-topography, etc. may have a stronger influence on frost depth than on snow depth. It should be noted that the frost depth statistics in Table 1 represent the years with relatively shallow frost (see Fig. 2 ). Therefore, the spatial variability of frost depths may be different for the years with deeper frost.
4.3 Regional-scale (10 3 -10 4 km 2 ) analysis of spatial variability of F 20 in Tokachi and its long-term trends In order to expand the spatial scale of our analysis, F 20 was calculated for 11 meteorological stations in the Tokachi region (Fig. 1b) . Meteorological records prior to 1986 were included in this analysis, to see longer-term trends of F 20 (Fig. 5) , compared to those de- scribed above (Fig. 2) . Out of the 11 stations, F 20 decreased significantly (Mann-Kendall P < 0:05) at eight stations (Fig. 5, Table 2 ), indicating that the decreasing frost depths were a regional phenomenon, occurring over the Tokachi Plain covering an area of several thousand square kilometers. The decrease in F 20 was particularly marked in Obihiro, Honbetsu, Hiroo, and Memuro (P < 0:01, see Table 2 ). The five-year running mean of those four stations show a steady decrease in F 20 , starting in the mid to late 1980's (Figs. 5 and 7a). These stations are located at relatively low elevations (<80 m) (Fig. 1b) . In contrast, most of the relatively high-elevation stations, close to the mountains (Kamisatsunai, Rikubetsu and Nukabira), did not show statistically significant trends in F 20 (Table 2) . During the same period , the freezing index F did not have noticeable trends (Fig. 6 ), indicating that air temperature in winter did not change significantly.
Discussion
Our analysis showed that the significant decrease in frost depths was due to the early development of snow cover insulating the ground. Kato (1988) and Ohkawa (1992) reported that heavy snowfall events in eastern Hokkaido, including the Tokachi region, were predominantly associated with extratropical cyclones, rather than with winter monsoon activities. They noted that eastern Hokkaido is in the orographic shadow of the Hidaka and Ishikari Montains, with respect to the north-westerly monsoon winds. As such, the monsoon winds have little effect on snowfall in Tokachi. Therefore, the early development of snow cover is most likely caused by extratropical cyclones, which tend to develop during the weakening of typical winter synoptic patterns, characterized by high pressure over Siberia (Siberian high), and low pressure over the Pacific (Aleutian low). Nakamura et al. (2002) reported that the strength of the East Asian winter monsoon (i.e., Siberian high) was weakening in the late 1980's and the cyclonic activity in early winter was stronger when the winter monsoon activity was weaker. The strength of winter monsoon activity is indicated by the amount of snow in the Hokuriku region, facing the Sea of Japan (Fig. 1a) , where snowfall is primarily caused by monsoon winds (e.g., Ishizaka 2004) , and by the amount of sea ice in the southern part of the Sea of Okhotsk (Fig. 1a) , which is controlled by the strength of cold monsoon winds coming from Siberia (Tachibana et al. 1996) . The two indicators decreased significantly (Mann-Kendall P < 0:05) and appeared to have shifted from high values to low values in the late 1980's ( Figs. 7b and 7c) , corresponding to the weakening of the winter monsoon activity (Nakamura et al. 2002) . The shift in the two indicators coincided with the decrease in F 20 at Obihiro (Fig. 7a) .
Weaker winter monsoon activities are expected to result in a higher sea surface temperature, enhancing the development of extratropical cyclones passing through eastern Hokkaido, and causing heavy snowfalls in early winter (Nakamura et al. 1997) . Tachibana et al. (1996) extended the analysis of Trenberth and Hurrell (1994) , and pointed out that the sharp decrease of drift ice in the southern part of the Sea of Okhotsk, (Fig. 7c ) could be regarded not as a response to local environments, but as a response to changes in the continental-scale atmospheric circulation. If the changes in Okhotsk sea ice and frost depths in Tokachi are both related to the strength of the winter monsoon, the analysis of Tachibana et al. (1996) may imply that the decrease in frost depths was caused by a change in the continental-scale circulation. Such an argument is still speculative at present, but it prompts a need for further studies to understand the connections between continental-scale climate, and specific regional phenomena such as snowfall, sea ice, and soil frost depth.
Conclusions
Annual maximum frost depth ðD max Þ in the Memuro area decreased significantly in the last 20 years. Contrary to our initial expectation, the Heavy snowfalls in Tokachi are associated with extratropical cyclones, which tend to occur more often when the East Asian winter monsoon weakens (Nakamura et al. 2002) . The F 20 in Tokachi, snowfall on the west coast of Japan, and the amount of drifting ice in the southern part of the Sea of Okhotsk, all had a sharp drop in the mid to late 1980's, raising a speculation that these phenomena may all be responding to a continental-scale climate shift. It is not clear at present if winter monsoon activities in northern Japan will continue to decline, or if the soil frost will completely disappear from Tokachi in the near future. However, the society is already reacting to the changing conditions. For example, potato producers in Tokachi have recently started ploughing snow to enhance the soil frost that kills left-over potatoes after harvest. This may be regarded as a new agricultural management practice, adapting to climate change. In order to assess the viability and sustainability of such operations, improved understanding is needed for the connection between the East Asian winter monsoon and regional meteorological processes such as snowfall and soil frost. editing the final draft. The study was partially funded by the Global Environment Research Coordination System grant from the Japanese Ministry of Environment. Comments by two anonymous reviewers and Tsutomu Watanabe improved the manuscript.
